A recent publication by Pillai et al. in the field of cardiac tissue mineralization has evoked a multitude of echoes in the press about turning hearts into bone or stone (1) . Whilst the 'turning into stone' metaphor is not particularly novel, it has been effective in gaining public interest into this issue (2, 3) . Hardening the heart or turning hearts into stone, and ultimately healing it to transform them back into soft and compassionate organs of flesh, occurs in the literature through the centuries. Metaphors like this can be found from the Bible (4) to the Qur'an (5) , from Shakespeare (6) to Hauff (7) and Wilde (8) , all referring to turning a soft and tender heart into a rigid and unfeeling object. This analogy sits surprisingly well with the biological situation explored by Pillai et al. (1) .
The heart's movement is incredibly complex and its deformable extracellular matrix (ECM) skeleton supports a range of degrees of freedom of local deformation that is not available from rigid skeletons. To function properly, the heart itself requires the right balance of active and passive mechanical properties for soft tissue deformation (9) . Even small regions of increased rigidity, like fibrotic scars or mineralized cardiac tissue, can compromise cardiac performance-not only by replacing active, forcegenerating myocytes, but also passively by disturbing intricate motion patterns, decreasing overall effectiveness of pump action.
Physiologically, mineralization takes place in bone and teeth development and continues as bone remodeling in the adult. Several diseases are linked to pathological mineralization or calcification of normally soft tissues, including generalized arterial calcification of infancy (GACI), Monckeberg's sclerosis, fibrodysplasia ossificans progressiva, or chondrocalcinosis (10, 11) . These diseases are associated with 'calcium deposits', containing calcium hydroxyapatite (the bone mineral), basic calcium phosphate, and/or calcium pyrophosphate dihydrate (CPPD). The resulting change in tissue stiffness, ectopic bone formation and deformability impedes local cell function and mechanical tissue properties. GACI and Monkeberg's sclerosis are phenotypically linked by calcium hydroxyapatite deposition, mainly in the vascular medial layer, e.g., from loss of function mutations in ectonucleotide pyrophosphatase/phosphodiesterase-1 (ENPP1) and of ATP-binding cassette transporter subtype 6, respectively (12) . Both these membrane proteins play a role in regulating extracellular mineral deposition, ultimately by producing pyrophosphate (PP i ) which inhibits calcium hydroxyapatite crystal formation (13 phosphatases results in accumulation of phosphate, which is a component of hydroxyapatite crystal deposition (14) . In contrast to genetic causes for disturbed extracellular PP i , phosphate and calcium equilibrium, fibrodysplasia ossificans progressiva is caused by mutation of the activing receptor type IA receptor-a member of the bone morphogenetic protein type I receptor family-which leads to accumulation of hydroxyapatite in tendons, skeletal muscles and ligaments (15) . Furthermore, conditions like end-stage renal disease and diabetes mellitus can also be linked to ectopic tissue calcification. Soft tissue calcification is not only diseaserelated, but it occurs naturally with age, and in regions of injury and/or fibrosis where altered or excess ECM provides a calcifiable substrate (10, 16) .
In soft tissues, pathological mineralization has recently been shown to recapitulate some aspects of physiological mineralization by osteoblasts related to metabolic, genetic, and inflammatory processes at injury sites, but the exact mechanisms and participating cell types are still under investigation. In vascular calcification, several cell types are suspected of adopting osteogenic fates, including myofibroblasts, transdifferentiated smooth muscle cells, and endothelial cells undergoing epithelial-to-mesenchymal transition, all potentially contributing to ectopic mineralization through calcific deposits (11) .
Cardiac fibroblasts form an intriguing, albeit illcharacterized and -defined cell population, whose pathophysiological relevance and roles as therapeutic targets extends well beyond their classic function as ECM house-keepers (17) . Prior to this study, Pillai et al. had demonstrated cardiac fibroblast plasticity in the event of heart injury, when fibroblasts can adopt an endothelial like cell fate and contribute to cardiac neo-vascularization (18) . Additionally, cardiac fibroblasts are responsible for fibrotic scar formation after heart injury, possibly providing a calcifiable matrix of collagen I in scar tissue (10, 19) . Keeping the parallels to other soft tissue calcification mechanisms and the plasticity of cardiac fibroblasts in mind, Pillai and colleagues systematically investigated cardiac fibroblasts as a cell type potentially responsible for pathological cardiac calcification via adoption of an osteogenic fate (1) .
The authors first tested the ability of isolated cardiac fibroblasts from mouse and human hearts to adopt an osteogenic cell-like fate in vitro. Promoting an osteogenic signature, based on genes that are differentially expressed during osteogenic differentiation like Runx2 or osteocalcin, they showed the potential of cardiac fibroblasts to take on an osteogenic fate by exposure to a classical osteogenic differentiation medium, and to mineralize ECM with calcific deposits in vitro. They excluded other possibly responsible cell types, like endothelial cells or pericytes, which have been suggested to participate in soft tissue calcification processes (11, 13) , by isolating the respective cell types and subjecting them to the same treatment. Adoption of an osteogenic fate in cardiac fibroblasts was stable over 14 days, even after removal of the osteogenic differentiation cell culture medium. Whilst this illustrates the ability of osteogenic differentiation medium (20) to promote an osteogenic cell fate in fibroblasts in vitro, in vivo osteogenic differentiation is thought to be induced by bone morphogenic protein signaling or chronic inflammation (21) . This was assessed in vivo, comparing mice of strains that are prone to calcification in the heart after injury (e.g., C3H) with others that are not (e.g., B6). The authors used three different myocardial injury models: administration of high-dose steroids to induce cardiomyocyte necrosis, cryo-ablation, and coronary artery ligation. All of these led to calcified patches of injured tissue in the C3H background, but not in B6, highlighting the relevance of background genotypic heterogeneity for the different phenotypes seen in response to injury-similar to human, in whom not all cardiac scar tissue calcifies (22) . Calcium deposits were observed in regions of fibrosis, as had been shown before (11) . Using genetic lineage tracing, osteogenic differentiation of cardiac fibroblasts was exposed, while cardiomyocytes did not express osteogenic markers. To further assess the connection between osteogenic differentiation and calcification by cardiac fibroblasts, the authors explanted cardiac fibroblasts from uninjured and injured hearts and implanted them subcutaneously in wild type C3H mice. There, only cells isolated from injured hearts remained positive for osteogenic markers and induced ectopic neo-calcification, again underlining the stable phenotype conversion of these cells.
Taken together with the non-calcifying injury model in B6 strains, in whom fibroblasts did not show osteogenic differentiation, the work by Pillai et al. not only identifies cardiac fibroblasts as a plausible culprit for cardiac calcification in vivo, but it also highlights that osteogenic differentiation is not necessarily a generic response to injury. In addition, the work is a suitable reminder of the need for caution when extrapolating findings from individual murine models-both to other murine strains and, perhaps more importantly, to human patho-physiology. Indeed, genomewide association studies in humans have identified different association signatures for coronary artery calcification in myocardium from different ethnic backgrounds (23) . This finding is in line with the finding by Pillai et al., where different murine strains varied in their susceptibility to calcification.
Having identified a cell type responsible for calcification in C3H mice, the authors looked for pathways involved in mineralization that could form possible drug targets. Gene expression studies showed upregulation of ENPP1 in injured hearts, and this upregulation was more pronounced in calcification-prone C3H mice, compared to B6, suggesting this enzyme may be a druggable target. However, ENPP1 breaks down ATP to AMP and PP i , with PP i normally seen as a potent inhibitor of calcium hydroxyapatite formation (21) . Using Raman spectroscopy, the authors confirmed that calcification was indeed mediated by calcium hydroxyapatite, rather than CPPD, suggesting that PP i may not directly contribute to formation of crystalline deposits. A possible explanation is further hydrolysis of PP i to phosphate as the cause for calcification, although non-specific alkaline phosphatase (an enzyme responsible for such breakdown) was not found to be differentially expressed. This finding is a direct parallel to 'normal' osteogenesis events, where osteoblasts deposit calcium hydroxyapatite to mineralize bone matrix, with the phosphate produced via this axis.
Since clinical outcomes are worse in patients with calcified cardiac scar tissue (24) , Pillai et al. tested two different small-molecule inhibitors of ENPP1 to see whether calcification upon cardiac injury could be prevented. Both inhibitors, administered before cardiac injury, reduced cardiac calcification. Additionally, more traditional compounds, bisphosphonates (Etidronate, an inhibitor of bone mineralization) that have been used successfully to treat of other forms of ectopic calcification (e.g., GACI) (25) , prevented cardiac scar calcification.
Once calcified, reversal was not observed. Prevention of the calcific phenotype by drug administration before a cardiac injury improved cardiac function afterwards, again highlighting the negative effect of calcification on cardiac outcome. Interestingly, the proposed mechanism of cardiac calcification in C3H mice, acting through upregulation of ENPP1, is different from genetic forms of vascular calcification like GACI where a loss of function mutation in ENPP1 is being held responsible for mineral deposition (Figure 1 ). Both involve dys-regulation of calcium deposition, but the nature of deposition, the interplay with other proteins involved in mineral balance (CPPD or calcium hydroxyapatite), and the pathogenesis of osteogenic differentiation in the different disease backgrounds need further investigation. The same holds for ENPP1 as a drug target, as general inhibitors of this enzyme may give rise to side effects on the physiological dynamics of calcification processes in other tissues. Perhaps a risk stratification may become possible, where patients can be grouped into high-risk (C3H-like) and low-risk (B6-like), to guide selection of pharmacological interventions after cardiac injury. This, together with an identification of other factors involved in the connection of inflammation, fibrosis and calcification (11) may help to prevent, if not correct, cardiac mineralization. Since calcification events in the murine models were linked to cardiac cell apoptosis/necrosis after injury, possible causal links to cell debris and apoptotic bodies would also be of interest (10) .
Overall, the study by Pillai et al. is exemplary in its breadth and depth, offering thorough evidence for cardiac fibroblasts trans-differentiation into an osteogenic lineage that can drive calcific deposit formation in C3H mouse heart. Expanding these findings to other models that mimic human cardiovascular physiology more closely (such as rabbit or mini-pig) and determining the reasons for which different murine strains respond differentially to cardiac injury may offer important steps towards solving the clinical problem of ectopic calcification. In addition, means to promote reversal of ectopic calcification are needed, as administration of a drug prior to soft tissue damage is limited in its clinical applicability. Pillai et al. have moved the field ahead by a significant margin, promoting the hope that the Rolling Stones may have it wrong, and the scientific community will find ways to 'break this heart of stone' challenge.
